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Introduction
Changes to the NMDA receptor system are linked to various neuropsychiatric disorders, including epilepsy, autism, schizophrenia, Alzheimer's disease, addiction, and depression (Lau and Zukin, 2007; Sánchez Fernández et al., 2018; Zhang et al., 2008) . This broad pathological scope can be explained by the critical role that NMDA receptors play in synapse formation, synaptic plasticity, neuronal survival, and excitotoxicity. The NMDA receptor is an ionotropic glutamate receptor, a heterotetramer comprised of two GluN1 subunits and two variations of the GluN2 subunit, or of the GluN2 and GluN3 subunits (Paoletti et al., 2013) . The GluN1 subunit is obligatory for normal function of the NMDA receptor. In the mouse, GluN1 is encoded by the Grin1 gene, which is essential for post-natal survival (Forrest et al., 1994; Li et al., 1994) .
Heterozygous de novo GRIN1 mutations have been reported in patients with diverse diagnoses. Hamdan et al. first identified pathogenic GRIN1 variants in two patients with nonsyndromic intellectual disability (2011) . Subsequently, numerous individuals with pathogenic GRIN1 variants have been identified by whole exome sequencing, presenting with intellectual disability, developmental delay, seizures, stereotyped movements, and disordered movements with low muscle tone (Chen et al., 2017; Hamdan et al., 2011; Lemke et al., 2016) . Many patients are first given a diagnosis of autism, suggesting that more (yet to be identified) individuals who fall on the autism spectrum may have GRIN1 mutations or mutations in the other seven GRIN genes that encode NMDAR subunits. Patients with less severe loss-of-function variants of GRIN1 may also be diagnosed with schizophrenia (Begni et al., T 2003; Galehdari et al., 2009; Gao et al., 2000; Yu et al., 2018; Yuan et al., 2015) , a disorder characterized by delusions/hallucinations, impaired executive functioning, flattened affect, and social withdrawal.
Though volumetric and connectivity-related changes to brain structures are often reported in autism and schizophrenia (Davis et al., 2003) , GRIN1 encephalopathy is a relatively new diagnosis; thus, there is limited information about the structural consequences of GRIN1 deficiency. There are published reports on the structural changes in pediatric patients where variable presentations of microcephaly, polymicrogyria, enlarged lateral ventricles, and reduced white matter are observed (Lemke et al., 2016; Ohba et al., 2015; Fry et al., 2018) . However, there remains limited information on potential structural differences between gain-of-function and loss-of-function mutations, and whether these differences persist or worsen over time. We can address potential changes to brain structures as a result of Grin1 loss-of function using our established Grin1 knockdown (GluN1KD) mouse (Mohn et al., 1999) . Further, we can use this model to study the neuroanatomical changes that occur at different stages of postnatal development.
The GluN1KD mouse has an intronic insertion that reduces GluN1 subunit levels by 90%. Mice with this 90% reduction exhibit cognitive deficits, decreased social interactions, increased stereotypic behaviours, disrupted communicative behaviours, impaired sensorimotor gating, disrupted sleep patterns, and seizures (Duncan et al., 2012; Gandal et al., 2012; Islam et al., 2017; Mielnik et al., 2017; Mohn et al., 1999) . Thus, this mouse shares many behavioral endophenotypes with GRIN1 encephalopathy, autism, and schizophrenia patients.
We used MRI to analyze neuroanatomical differences between Grin1 knockdown (GluN1KD) mice and their wild-type (WT) littermates at three, six, and twelve weeks of age. We previously demonstrated that behavioral abnormalities in the GluN1KD mouse emerge at different ages (Milenkovic et al., 2014) , and we asked whether this was temporally correlated with structural changes. Three-week-old mice represent a juvenile period of neurodevelopment, when cortical structures are undergoing maturational myelination and synapse refinement (Drug Abuse in Adolescence, 2016). Six weeks of age in the mouse is generally considered peri-adolescence (Tirelli et al., 2003) . We studied mice of this age because it is the age of onset for working memory deficits and the age of greatest executive function deficits in male GluN1KD mice (Milenkovic et al., 2014) . Lastly, we studied a cohort of twelve-weekold mice to study the effects of NMDA receptor hypofunction on the adult brain and to ask whether there were progressive changes in brain volumes.
We detected substantial volumetric changes in subcortical structures including the striatum, substantia nigra, and nucleus accumbens across all age groups in GluN1KD mice. We also detected changes that are known to be MRI hallmarks of NMDA receptor hypofunction, including decreased volume of the olfactory bulbs, decreased cerebellar structure volumes, as well as whole-brain volume differences (Bacchi et al., 2018; Cahn et al., 2002; Kayser and Dalmau, 2016; Nguyen et al., 2011; Phillips et al., 2018; Terwisscha van Scheltinga et al., 2013) . Interestingly, six-week-old mice had, overall, the highest number of structural changes, and there were notable reductions in hippocampal volumes that occurred only at this age. We also discovered that GluN1KD mice had progressive volumetric deficits in white matter tracts. Lastly, we found evidence of degenerating neurons in the striatum, in the area immediately lateral to the anterior commissure, a white matter tract.
Methods and materials

Subjects
GluN1KD mice were generated through targeted insertion of a neomycin cassette into intron 17 of the Grin1 gene (Mohn et al., 1999) . Experimental animals were produced at the University of Toronto as F1 hybrids from intercross of congenic C57Bl6/J and 129X1/SvJ heterozygotes as previously described (Milenkovic et al., 2014) , and as recommended by the (Silva et al., 1997) . Male 3-week-old, 6-week-old, and 12-week-old mice were group-housed on a 12-hour light-dark cycle; food and water were available ad libidum. All experiments were conducted in accordance with the University of Toronto Faculty of Medicine and Pharmacy Animal Care Committee and the Canadian Council on Animal Care.
Brain fixation for MRI
Fixation was performed as previously described (Cahill et al., 2012) . Briefly, male mice were deeply anesthetized with Avertin (20 mg/kg, ip) and were intra-cardially perfused for 30 min in a flush solution of PBS + 1 μl/ml heparin +2 mM ProHance (Bracco Diagnostics). at room temperature. This was followed by fixation with a room-temperature solution of 4% paraformaldehyde +2 mM ProHance contrast agent. Flow rate was 1 ml/min. The brains were stored in 4% PFA + 2 mM ProHance overnight and then transferred to PBS + 2 mM ProHance +0.02% sodium azide until MRI acquisition.
MRI acquisition
A 7.0 Tesla MRI scanner (Varian Inc., Palo Alto, CA) with a 40 cm inner bore diameter was used to acquire the anatomical images. A custom-built 16-coil solenoid array was used to image 16 samples in parallel (Nieman et al., 2007) .Scan parameters were optimized for high efficiency and gray/white matter contrast. A T2 weighted 3D fast spin echo (FSE) sequence was used with TR = 2000 ms, echo train length = 6, TEeff = 42 ms, field-of-view (FOV) of 25 mm × 28 mm × 14 mm, and matrix size of 450 × 504 × 250, which yielded an isotropic (3D) resolution of 56 μm.
Image registration and analysis
Image registration and analysis was performed as described by Friedel and colleagues (Friedel et al., 2014) . In order to visualize and compare neuroanatomical changes among the mice in this study, the MRI scans were linearly registered (6 parameters followed by 12 parameters) and subsequently non-linearly registered. All scans were then resampled with the appropriate transformation, and averaged to create a population average, thereby representing the average anatomy of all brains. Registrations were performed with a combination of the MNI AutoReg tools (Collins et al., 1994) and the Advanced Normalization Tools (ANTs) (Avants et al., 2010) . The result of this registration is to have all scans deformed into exact alignment with each other in an unbiased fashion. This allows for the analysis of the deformations needed to take each individual brain into the final atlas space, the goal being to model how the deformation fields relate to the two mouse genotypes (Collins et al., 1994) .
The Jacobian determinants of the deformation fields are then calculated as measures of volume difference at each voxel (3D pixel). The Jacobian is a measure of the deformation of each voxel with respect to the atlas image. It can be thought of as the amount by which the volume of that voxel had to be multiplied to reach the consensus average. A Jacobian of 1 indicates no change, while > 1 is expansion and less than one is contraction.
To calculate specific volume and shape changes, a segmented atlas dividing the brain into 62 separate structures is aligned onto the studypopulation-specific atlas (Dorr et al., 2008) . The resulting atlas is then used in conjunction with the Jacobian determinants (multiplied by an appropriate scaling factor) to calculate volumes for each structure in the brain and for all individual brains in the study. In addition, changes in local regions can be examined by comparing the Jacobian determinants in those areas.
The atlas we use segments the brain into 62 anatomical regions.
Here, we only reported structures that are greater than 1 mm 3 . We normalized the structure volumes by dividing them by the total brain volume.
The analyses were performed using the statistical package R and RMINC [https://github.com/Mouse-Imaging-Centre/RMINC]. A separate analysis was performed for each of the three age groups.
To assess differences in structure volume or voxel volume between the genotypes we performed t-tests. Our segmented atlas contains 62 structures and the analysis performed at every voxel includes millions of hypothesis tests. Hence, the number of false positives must be controlled. This is done using the False Discovery Rate (FDR). FDR limits the expected number of false positives in a set of results to a certain predetermined percentage. We use an FDR threshold of 1%, meaning that no more than 1% of the results are expected to be false positive.
Immunohistology
Twelve-week-old male mice were sacrificed for histology experiments. Mice were deeply anesthetized with Avertin (20 mg/kg, ip), and intra-cardially perfused with phosphate-buffered saline, followed by 4% paraformaldehyde. Brains were post-fixed overnight and cryoprotected in 30% sucrose before frozen sectioning. Axial 20 μm slide-mounted sections were washed in distilled water, and immersed in 0.06% potassium permanganate solution for 5 min. Slides were washed in distilled water and transferred to a 0.0001% solution of Fluoro-Jade C (MilliporeSigma) in 0.1% acetic acid vehicle. Slides were rinsed in distilled water, air-dried, cleared with xylenes, and coverslipped using Cytoseal 280 (ThermoScientific). Sections were stored at 4°C.
Microscopy
The experimenter was blind to genotype throughout the quantification process. Fluoro-Jade C-positive cells were visualized using Nikon Elements software (NIS-Elements Basic Research, version 3.1). The axial genu of the anterior commissure was identified and a counting frame was placed immediately lateral to the genu, in the striatum (bregma −4.12 mm, (Franklin and Paxinos, 2008) ). The number of Fluoro-Jade positive cells was counted hemilaterally. Fluoro-Jade-positive soma (i.e., clearly fluorescent; ovoid) were manually counted at 20× within a consistent counting frame. Two sections from each animal were analyzed and averaged for a final count for each animal.
Results
Reduced brain volume in GluN1KD mice
GluN1KD mice and their wildtype littermates were used for perfusion fixation with a gadolinium contrast agent, and brains remained intact in the cranium for magnetic resonance imaging (MRI). Only male mice were used for this study, since male GluN1KD mice have an earlier onset of behavioral abnormalities and have a more pronounced deficit in social approach and working memory tasks (Milenkovic et al., 2014) . For each age group, 10 WT and 10 GluN1KD mice were used; however, one GluN1KD brain from the 12-week cohort was excluded from analysis due to an MRI artifact.
At each of the three ages studied, GluN1KD mice had significant reductions in total brain volume ( Fig. 1 ). Mutant mice also had lower body mass at the three ages ( Fig. 1 ). Due to brain variability, the volumes for each brain structure were also expressed as a percentage of the total brain volume. Statistical significance was determined where structures occupied a greater or lesser percentage of the total brain volume than that of the wildtype brains for each age group.
3.2. Greatest number of structural changes observed in peri-adolescent mutant brains Table 1 lists the brain structures that changed significantly at three, six, and twelve weeks of age. Notably, juvenile mice had the fewest number of structural changes (seven structures), and peri-adolescent mice had the greatest number of structural changes (18 structures) relative to their wildtype littermates.
Volumetric reductions in structures mediating dopamine transmission
All three ages studied showed significant reductions in the volumes of brain structures that are associated with dopamine neurotransmission. The volume of the substantia nigra, where dopamine cell bodies are located, was reduced in GluN1KD mice (Fig. 2) . Similar reductions were evident in the striatum and nucleus accumbens, areas that are primary targets of dopamine neuron projections.
Limbic structures uniquely altered at peri-adolescent stage of development
We noted the largest number of structural changes in mutants at six weeks of age. A commonality among those structures that were changed specifically at this age is their role in the limbic system. Specifically, there were reductions in the volume of the dentate gyrus, hippocampus, and olfactory bulbs (Fig. 3) . These regions are also associated with adult neurogenesis, and reductions at this age may indicate impairments in this process. In addition to these volumetric reductions, mutant mice at this age had a volumetric increase relative to wildtypes in another limbic structure, the superior colliculus (Fig. 3) . Several of the structural abnormalities we observed in six-week-old mice were not apparent in the adult mice.
White matter deficits increase with age
Volumetric reductions were detected in white matter structures. At all three ages, there were volumetric deficits in the internal capsule and fimbria. However, these deficits become more widespread with age ( Fig. 4) . Additional deficits were evident at later ages in other structures. The anterior commissure and arbor vita of the cerebellum showed reductions only at six and twelve weeks of age ( Fig. 4) .
Evidence of neurodegeneration in GluN1KD striatum
We examined the striatum proximate to the anterior commissure for evidence of neurodegeneration using Fluoro-Jade C staining. This stain marks neurons that are undergoing neuron death by toxic insults including chemically-induced seizure and hypoxia (Schmued et al., 2005) . Robust differences in the number of Fluoro-Jade C-positive cell bodies between GluN1KD and WT mice were revealed (Fig. 5) , where GluN1KD brains show evidence of increased neuron death.
Discussion
Several groups have used the GluN1KD mouse model to understand the contribution that NMDA receptors make to neuropsychiatric disease (Duncan et al., 2006; Grannan et al., 2016; Halene et al., 2009; Pogorelov et al., 2017) . We asked whether NMDA receptor dysfunction causes structural changes to the brain that could be observed by MRI, which is routinely used to study patient brain pathology. We also asked whether any changes would be apparent before the documented onset of behavioral abnormalities in these mice. In previous studies we found that working memory and social approach deficits of male GluN1KD mice were not evident at three weeks, were first observed at six weeks, and were more pronounced at twelve weeks of age (Milenkovic et al., 2014) . We also observed that executive function deficits were minimal at three weeks and were most pronounced at six weeks of age. Therefore, we studied structural changes at these three developmental time points, which span juvenility, adolescence, and adulthood in the mouse.
We expected to find volumetric reductions in gray matter, particularly in those regions where NMDA receptors are most highly expressed like the cortex and hippocampus (Moriyoshi et al., 1991) . Surprisingly, these regions were relatively spared, and the most substantial deficits were detected in white matter tracts and in structures involved in the dopamine system. There were volumetric changes to two brain regions that express high levels of NMDA receptors, the hippocampus and olfactory bulb. However, these changes were only detected at six weeks of age. We also found that reductions in white matter volumes were apparent from juvenility, but they were more widespread at later ages. This shares some similarity to the pathological features of mitochondrial disorders such as Leigh syndrome, where reduced white matter volume, neuron loss, and gliosis is detected (Dorr et al., 2008) . However, we did not observe polymicrogyria, as clinicians have reported for some GRIN1 encephalopathy patients (Fry et al., 2018) . This could be due to species differences between humans and mice. It could also be that polymicrogyria only occurs with NMDA receptor gain-of-function, rather than loss-of-function mutations. Consistent with this hypothesis, ibotenic acid, which activates glutamate receptors, causes dysgyria in rodents when administered during brain development (Takano et al., 2005) .
An important difference between our model and GRIN1 patients is the nature of the mutation. The majority of disease-causing variants in GRIN1 are de novo mutations that act in a dominant fashion, where only one allele carries the mutation. However, there are a subset of patients who are homozygous for pathogenic variants. The GluN1KD mouse may be more representative of homozygous variants like GRIN1 N227H that cause autism and intellectual disability only in the homozygous state (Rossi et al., 2017) . Future studies should investigate other mouse models of Grin1 loss-and gain-of-function mutations once they are developed to determine whether they are associated with similar neuroanatomical changes.
The overall volume of GluN1KD brains was significantly less than their WT littermates. This is also reported in patients with GRIN1 encephalopathy and schizophrenia, including those with loss-of-function GRIN1 mutations (Brown et al., 1986; Cahn et al., 2002; Fry et al., 2018; Lemke et al., 2016; Pakkenberg, 1987; Rossi et al., 2017; van Haren et al., 2008) ; however, the GluN1KD mice also had less body mass, which potentially contributes to smaller brain volume. The smaller overall brain volume made it difficult to compare structural volumes directly, since in this situation all of the structures are smaller than WT. Instead, we expressed the structural volumes as a percentage of the total brain volume. Cerebral cortex occupied a larger percentage of the GluN1KD brain volume, but it is difficult to determine whether this region is enlarged, or it is occupying a greater percent of the total volume because it is relatively spared from volume loss.
Unexpectedly, we found volumetric changes in dopamine structures of the nigrostriatal pathway in GluN1KD mice at all three age points. Dopamine homeostasis is altered in GluN1KD mice, with higher tonic firing rates and indications of elevated synaptic dopamine (Ferris et al., 2014) . Interestingly, volume loss in the nigrostriatal pathway was most significant in juvenile mice, and this age is also when locomotor hyperactivity phenotypes are most pronounced (Milenkovic et al., 2014) . The volume loss in the striatum could be explained by one or all of several observations that have been made. In a previous study we reported decreased spine density in the medium spiny neurons of GluN1KD mice (Ramsey et al., 2011) . In the present study, we detected evidence of neuron death that could also conceivably explain volume loss. Since volume deficits were detected at the earliest age, we speculate that NMDA receptor hypofunction leads to impaired dopamine neurogenesis in addition to neurotoxicity, although further studies are needed to definitively determine this.
Our findings highlight limbic-associated brain regions that are specifically affected in adolescence. Reductions were observed in the dentate gyrus, hippocampus, and olfactory bulbs that were significant in the six-week-old cohort of GluN1KD mice, but not other ages. Alterations within the dentate gyrus and hippocampus are not surprising, as these areas are markedly enriched for NMDA receptors. Volumetric changes to olfactory bulbs are also unsurprising; they also Fig. 1 . There are significant reductions in the total brain volume of GluN1KD mice. (a) Body weight is significantly reduced in GluN1KD mice compared to wild-type littermates (***p < 0.001 for all comparisons, n = 10 in all groups except 12-week-old GluN1KD mice, n = 9). (b) Brain volume is significantly reduced in GluN1KD mice aged 3, 6, and 12 weeks as compared to wild-type littermates (*p < 0.05 for all comparisons, n = 10 in all groups except 12-week-old GluN1KD mice, n = 9). Data are expressed as mean ± SEM and statistical significance was determined using an independentsamples t-test. Note. Bolded values represent significant volumetric differences between GluN1KD and WT mice at a FDR threshold of 1%. Each group contains n = 10 for each genotype, except 12-week-old GluN1KD mice (n = 9). For 3-week-old mice, this means that there are significant differences in any structure with a tstatistic of > 4.21 or < −4.21; in 6-week-old mice, any structure with a tstatistic of > 3.42, or < −3.42; in 12-week-old mice, any structure with a tstatistic of > 4.31, or < −4.31. Fig. 2 . The most significant structural changes are seen in subcortical structures involved in dopamine neurotransmission. (A) Statistical maps (p < 0.05 false discovery rate) demonstrating relative voxel differences in dopaminergic structures between GluN1KD and WT mice at 3, 6, and 12 weeks. Bar graphs depict percentage of whole brain occupation differences between GluN1KDs and WTs across all age groups (n = 10 in all groups except 12-week-old GluN1KD mice, n = 9) in the (B) striatum, (C), substantia nigra and (D) nucleus accumbens. Fig. 3 . Several limbic structures are uniquely affected in adolescence. (A) Statistical maps (p < 0.01 false discovery rate) demonstrating reduction of relative voxel differences in limbic structures between GluN1KD and WT mice at 6 weeks, but not 3 or 12 weeks (n = 10 in all groups except 12-week-old GluN1KD mice, n = 9). Bar graphs depict percentage of whole brain volume in all age groups in GluN1KDs and WTs for the (B) dentate gyrus (C) hippocampus (D) superior colliculus and (E) olfactory bulbs.
abundantly express NMDA receptors that underlie odor preference learning (Lethbridge et al., 2012) . Finally, volumetric differences in the superior colliculus of GluN1KD mice may indicate alterations within the visual system (Antonioli-Santos et al., 2017) . Notably, a common symptom of GRIN1 encephalopathy is cortical visual impairment (Lemke et al., 2016) . The reason for the age-specific volumetric reductions at six weeks is unclear. This developmental stage marks the onset of some cognitive impairments, and is the age at which executive function performance is most impaired in GluN1KD mice (Milenkovic et al., 2014) . During adolescence, neuromaturational events include neurogenesis and synaptogenesis, synaptic pruning, apoptosis, and myelination (Tau and Peterson, 2010) . Indeed, NMDA receptors underlie neurogenesis in the dentate gyral-hippocampal network (Gould et al., 1997) , and therefore disruptions to GluN1 could contribute to the structural differences we observed in six-week-old GluN1KD mice. It should also be noted that the dentate gyrus includes an area of ongoing neurogenesis, and the hippocampus and olfactory bulb are destinations for newborn neurons in adulthood (Ming and Song, 2011) . Volumetric reductions could indicate an impaired neurogenesis process that is particularly vulnerable at this developmental stage. Further study of adult neurogenesis, comparing six-and twelve-week old animals, is warranted.
White matter deficits are a common neuroanatomical abnormality among patients with GRIN1 mutations, as revealed by MRI (Fry et al., 2018; Ohba et al., 2015) , and are among the most consistently reported structural abnormalities in schizophrenia (for a review, see (Kubicki et al., 2007; Wheeler and Voineskos, 2014) ). Similarly, we found that GluN1KD mice also have decreased white matter structural volumes.
While our MRI findings provide evidence for face validity of our model, this finding was nevertheless surprising. Our findings demonstrate that white matter deficits can be secondary to NMDA receptor hypofunction. This study is the first to demonstrate progressive white matter deficits as a consequence of this congenital mutation.
The mechanism connecting NMDA receptor dysfunction to white matter loss could be explained by glutamate toxicity, described by Olney and Farber (Olney and Farber, 1995) . When NMDA receptors are blocked pharmacologically, inhibitory neurons fail to quiet glutamatergic projection neurons, leading to excessive glutamate release and cell toxicity (Tomitaka et al., 2000) . Indeed, other studies have reported increased firing of cortical neurons in the GluN1KD model (Dzirasa et al., 2009; Grannan et al., 2016) . We propose that, in a chronic state of NMDA receptor hypofunction, oligodendroglial dysfunction and demyelination is mediated by overactivation of glutamate projection neurons that causes excitotoxicity. Future studies are needed to elucidate the mechanism through which this occurs.
Initially, we examined the anterior commissure stained for Fluoro-Jade C for markers of axonal distress. While examining this region, we observed significant staining in the striatum, immediately proximate to the anterior commissure. Analysis of this region indicated highly significant changes in the number of Fluoro-Jade C-positive soma. It is unclear whether this particular area is degenerating from secondary injury due to proximity to injured white matter tracts. However, the link we make between neurodegeneration and NMDA receptor hypofunction is not unprecedented: elevated levels of Fluoro-Jade C staining have also been observed in rats repeatedly administered PCP in juvenility (Liu et al., 2011) . Fig. 4 . White matter deficits are evident in the juvenile brain and further emerge in the adolescent brain. (A) Statistical maps (p < 0.01 false discovery rate) demonstrating relative voxel differences in white matter structures between GluN1KD and WT mice at 3, 6, and 12 weeks (n = 10 in all groups except 12-week-old GluN1KD mice, n = 9). Bar graphs depict volumetric differences as a percentage of whole brain volume between GluN1KDs and WTs across all age groups in the (B) anterior commissure, (C) fimbria and (D) internal capsule.
In summary, our study demonstrates that NMDA receptor deficiency causes relatively few structural abnormalities in the juvenile male brain. Additional study is needed to investigate volumetric and white matter changes occurring in female mice of equivalent developmental stages. The greatest number of abnormalities is evident in the adolescent brain, at a time when GluN1KD mice have the poorest performance on executive function tasks. The use of MRI revealed unexpected changes to white matter tracts that would not have been detected by conventional histology techniques. To detect changes over time, a repeated-measures MRI protocol could be considered. However, we performed analysis with a gadolinium contrast agent to increase sensitivity that precluded repeated imaging of the same mice.
Caution is required to extrapolate a patient's NMDAR function based on studies in mice. However, our findings could contribute to the future diagnostic criteria to determine whether a novel GRIN1 variant is a gain-or loss-of-function based on structural anomalies. This could potentially guide treatment strategy with available NMDA receptor agonists or antagonists. Our study also highlights the vulnerability of the adolescent period. We propose that interventions at or before this time could prevent white matter loss that is secondary to NMDA receptor hypofunction.
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